Background: Substrates of the Hippo pathway kinases Lats1/2 are largely unknown besides YAP/TAZ. Results: Phosphorylation of angiomotin by Lats1/2 inhibits interaction with F-actin thus impairs cell migration and angiogenesis. Conclusion: AMOTp130 is a physiological and functional substrate of Lats1/2 and the Hippo pathway. Significance: Demonstrating how identification of novel substrates would facilitate understanding the physiology of the Hippo pathway.
The Hippo tumor suppressor pathway plays important roles in organ size control through Lats1/2 mediated phosphorylation of the YAP/TAZ transcription co-activators. However, YAP/ TAZ independent functions of the Hippo pathway are largely unknown. Here we report a novel role of the Hippo pathway in angiogenesis. Angiomotin p130 isoform (AMOTp130) is phosphorylated on a conserved HXRXXS motif by Lats1/2 downstream of GPCR signaling. Phosphorylation disrupts AMOT interaction with F-actin and correlates with reduced F-actin stress fibers and focal adhesions. Furthermore, phosphorylation of AMOT by Lats1/2 inhibits endothelial cell migration in vitro and angiogenesis in zebrafish embryos in vivo. Thus AMOT is a direct substrate of Lats1/2 mediating functions of the Hippo pathway in endothelial cell migration and angiogenesis.
Organ size homeostasis is a remarkable feature of multicellular organisms. In the last decade, the Hippo pathway has been found to play a key role in control of organ size (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . At the center stage of this pathway is the Mst1/2-Lats1/2 kinase cascade. Upstream signals such as cell adhesion, cytoskeleton remodeling, lysophosphatidic acid (LPA) 2 and its respective G-protein-coupled receptors (GPCRs) were found to regulate the Hippo pathway (15) (16) (17) (18) (19) (20) (21) (22) (23) . YAP transcription co-activator and its paralog TAZ are the best known Hippo pathway targets mediating gene expression regulation and organ size control (22, 24 -27) . Nevertheless, the various upstream input signals suggest rich functions of the pathway. Indeed, Lats1/2 were reported to regulate cellular processes such as cell differentiation, cytokinesis, senescence, autophagy, centrosome duplication, and neuron dendritic tiling (28 -33) . It is unlikely that YAP/TAZ inactivation mediates all these functions. However, YAP/TAZ-independent functions of the Hippo pathway were poorly studied.
Here we report that the angiomotin p130 isoform (AMOTp130) is phosphorylated on a conserved HXRXXS motif by Lats1/2 downstream of GPCR signaling. Phosphorylation disrupts AMOT interaction with F-actin and correlates with reduced F-actin stress fibers and focal adhesions. Furthermore, phosphorylation of AMOT by Lats1/2 inhibits endothelial cell migration in vitro and zebrafish embryonic angiogenesis in vivo. These studies identified AMOT as a critical effector of the Hippo pathway downstream of GPCR signaling in regulation of cell migration and angiogenesis.
EXPERIMENTAL PROCEDURES
Antibodies, Plasmids, and Other Materials-We obtained anti-AMOT antibodies from Bethyl Lab; anti-Lats1 and antiLats2 from Cell Signaling Technologies; anti-GST from Genscript; anti-␣-tubulin, anti-Flag, and anti-vinculin from Sigma; anti-thiophosphate ester from Epitomics; anti-HSP90 from BD Biosciences; anti-HA and anti-Myc from Covance; Alexa Fluor 488-or 594-conjugated secondary antibodies and Alexa Fluor 488-phalloidin from Invitrogen; Horseradish peroxidase-conjugated secondary antibodies from GE Healthcare. Anti-phosphoAMOTp130 (S175) antibody was generated by immunizing rabbits with phospho-peptide KQGHVRSLS(p)ERL. Human AMOTp130 were subcloned from other vectors into pCMVFlag, pcDNA3-HA, pGEX-KG, and pQCXIH vectors. Human AMOTp80, mouse AMOTL1 and AMOTL2 were subcloned into pcDNA3-HA and pCMV-Flag vectors. Human AMOTp130 mutants were generated by site-directed mutagenesis. Other plasmids were described before (16, 22, 34) . Phos-tag conjugated acrylamide was purchased from Wako Chemicals. All other chemicals were from Sigma.
Cell Culture, Transfection, and Viral Infection-HEK293, HEK293T, COS7, HEK293P, and HUVEC cells were cultured in DMEM (Invitrogen) containing 10% FBS (Invitrogen) and 50 g/ml penicillin/streptomycin (P/S). Transfection with Lipofectamine (Invitrogen) was performed according to the manufacturer's instructions. For viral infection, HEK293P cells were transfected with viral constructs and packaging plasmids. 48 h later, viral supernatant was supplemented with 5 g/ml polybrene, filtered through a 0.45 m filter, and used to infect target cells.
Immunoprecipitation and Kinase Assay-For Lats2 kinase assays, HEK293 cells were transfected with indicated plasmids. 48 h post-transfection, cells were lysed with lysis buffer (50 mM HEPES at pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 10 mM pyrophosphate, 10 mM glycerophosphate, 50 mM NaF, 1.5 mM Na 3 VO 4 , protease inhibitor mixture (Roche), 1 mM DTT, 1 mM PMSF) and immunoprecipitated with anti-HA antibody. The immunoprecipitates were washed three times with lysis buffer, once with wash buffer (40 mM HEPES, 200 mM NaCl), and once with kinase assay buffer (30 mM HEPES, 50 mM potassium acetate, 5 mM MgCl 2 ). The immunoprecipitated Lats2 was subjected to kinase assay in the presence of 500 M ATP or ATP-␥S and 1 g of recombinant GST-AMOTp130 purified from Escherichia coli as substrates. The reaction mixtures were incubated for 30 min at 30°C. For detection by antithiophosphate-ester antibody, the reaction mixtures were further supplemented with 2.5 mM PNBM. Alkylating reactions were allowed to proceed for 1 h at room temperature. The reactions were terminated with SDS sample buffer and boiled before analysis by SDS-PAGE.
Actin Spin-down Assay-Actin Binding Protein Biochem Kit was obtained from Cytoskeleton. The assay was performed following the manufacturer's instructions. Briefly, F-actin was polymerized and mixed with GST-AMOTp130 proteins purified from E. coli. The mixture was then centrifuged at 150,000 ϫ g for 1.5 h at 24°C. Supernatants and pellets were then collected and processed for electrophoresis. Proteins were visualized by Coomassie Blue staining or Western blots.
Cell Migration Assay-Cell migration assay was performed using BD Falcon Cell culture inserts for 24-well plates with 8.0 m pore size. Bottom sides of filters were pre-coated with 20 mg/ml fibronectin. HUVEC cells were serum-starved for 12 h and then seeded into the upper chambers of the inserts at 4 ϫ 10 4 cells/well in serum-free medium, and lower chambers were filled with serum-free or 10% FBS-containing medium. After 12 h, cells were stained with 0.5% crystal violet. Cells in upper chambers were carefully removed, and bottom sides of the chambers were pictured.
Immunofluorescence Staining-Cells were fixed with 4% paraformaldehyde for 15 min and then permeabilized with 0.1% Triton X-100. Cells may be treated with 100 g/ml digitonin for 5 min as indicated. After blocking in 2% BSA for 30 min, slides were incubated with first antibody diluted in 1% BSA overnight at 4°C. After washing with PBS, slides were incubated with Alexa Fluor 488-or 594-conjugated secondary antibodies for 1.5 h. For staining of F-actin, cells were incubated with Alexa Fluor 488-phalloidin for 1.5 h. The slides were then washed and mounted.
RNA Interference-Short interfering RNA (siRNA) oligonucleotides toward human Lats1, Lats2, AMOT, and control siRNA toward firefly luciferase were transfected into indicated cells using Lipofectamine RNAiMax Reagent (Invitrogen) following the manufacturer's instructions. Cells were analyzed 72 h post-transfection.
Zebrafish Maintenance and Angiogenesis Assay-Zebrafish embryos were produced by pairwise matings, raised at 28.5°C and staged as described (35) . A transgenic Tg(flk:GFP) line was used in this study (36) . Sense-capped mRNAs were synthesized using mMESSAGE mMACHINE system (Ambion) according to the manufacturer's instructions. Plasmids encoding human AMOTp130, AMOTp130-SA, AMOTp130-S.D., mouse Lats2, or Lats2-KR were digested with XhoI and transcribed with T7 polymerase. Poly (A) tails (Takara Bio Cat. No. 2181) were added to the synthetic mRNAs. Synthesized mRNAs were purified using the MEGAclear Kit (Ambion). Antisense morpholino oligonucleotide AMOT-MO (5Ј-CCACTGACACAACTAC-CACCAAGTG-3Ј) (37) was synthesized by Gene Tools, LLC. Synthetic mRNAs and morpholinos were microinjected into zebrafish embryos at the one-two-cell stages as described (38 
RESULTS

The Hippo Pathway Phosphorylates AMOT Family Proteins-
The AMOT family proteins localize to specific cellular compartments and regulate cell migration and proliferation (37, 39 -41) . AMOT is a component of the Hippo pathway capable of inhibiting YAP through direct binding and Lats1/2 activation (34, (42) (43) (44) . Surprisingly, we found that Lats2 induced a dramatic electrophoretic mobility shift of AMOTp130 comparable to that of YAP on Phos-tag-containing gels which specifically retards phosphorylated proteins (Fig. 1A) . Furthermore, Lats2 also induced dramatic up-shift of other AMOT family proteins AMOTL1 and AMOTL2 (Fig. 1A) . The Lats2-induced mobility shift of AMOTp130 was eliminated by treatment of the protein with lambda protein phosphatase (Fig. 1B) . In addition, co-transfection of AMOTp130 with other Hippo pathway components Mst2, Sav, Mob, and Lats2 induced AMOTp130 mobility shift in a synergistic manner (Fig. 1C) . These experiments indicate that Lats1/2 in the Hippo pathway could induce phosphorylation of AMOT family proteins.
We then examined whether Lats2 could phosphorylate AMOT in vitro. In this assay, the kinase utilizes ATP-␥S as phosphate donor to generate thiophosphorylated substrate, which in turn reacts with p-nitrobenzyl mesylate (PNBM) to form a thiophosphate-ester (45) . As detected by a thiophosphate-ester-specific antibody, recombinant AMOTp130 could be phosphorylated by Lats2 in vitro (Fig. 1D) . The phosphorylation is more efficient when Mob and Sav were co-transfected. In contrast, the kinase inactive Lats2-KR could not phosphorylate AMOTp130. Thus, Lats2 phosphorylates AMOTp130 both in vitro and in vivo.
Lats2 Phosphorylates AMOT on Serine 175-Previous studies have revealed the optimal Lats1/2 phosphorylation target consensus motif as HXRXXS (22, 25) . Interestingly, we found one HXRXXS motif, and one HXKXXS motif, also permissive for phosphorylation by Lats1/2, on AMOTp130 ( Fig. 2A) . Both motifs are conserved in AMOT family members and across species ( Fig. 2A ). As shown in Fig. 2B , mutation of Ser-175 in the N-terminal motif to alanine largely repressed Lats2-induced up-shift of AMOTp130, suggesting that this reside is phosphorylated by Lats2. Further mutation of Ser-859 eliminates the mild shift of S175A, suggesting that Ser-859 is also phosphorylated by Lats2. However, individual mutation of Ser-859 did not repress the up-shift possibly due to limited sensitivity of the Phos-tag method. The histidine in the HXRXXS motif is crucial for substrate recognition. Indeed, similar to S175A, mutation of H170 largely abolished AMOTp130 upshift in response to Lats2 (Fig. 2B) . These experiments demonstrate that phosphorylation of Ser-175 is largely responsible for Lats2-induced up-shift of AMOTp130.
To further confirm that AMOTp130 Ser-175 is indeed phosphorylated by Lats2, we generated an anti-pAMOT (Ser-175) antibody. As expected, this antibody detected phosphorylation of ectopically expressed AMOTp130, which was markedly enhanced by Lats2 co-expression and eliminated by phosphatase treatment (Fig. 2C) . Furthermore, AMOTp130 is phosphorylated on Ser-175 by Lats2 but not Lats2-KR in vitro (Fig. 2D) . Thus, AMOTp130 is phosphorylated on Ser-175 by Lats2 in vitro and in vivo.
GPCR Signaling Inhibits AMOTp130 Phosphorylation Mediated by the Hippo Pathway-Following identification of the phosphorylation site we further examined the role of the Hippo pathway in physiological regulation of AMOT. Consistent with the inhibition of the Hippo pathway by serum and LPA, these stimulations inhibit endogenous AMOTp130 phosphorylation on Ser-175 (Fig. 2, E and F) . LPA in serum represses the Hippo pathway via activation of GPCRs such as LPAR2, and the coupled G-proteins such as G q and G 12 (16) . Consistently, expression of LPAR2 or active QL mutants of G q or G 12 potently inhibits endogenous AMOTp130 phosphorylation in serumdeprived cells (Fig. 2G) . Furthermore, siRNA knockdown of Lats1 and Lats2 largely eliminates AMOTp130 phosphorylation on Ser-175 in serum-deprived cells (Fig. 2H) . Integrity of the actin cytoskeleton is required for GPCR-induced repression of the Hippo pathway (16) . Indeed, disruption of F-actin induced AMOTp130 phosphorylation in cells cultured in serum-rich medium (Fig. 2I) . Taken together, serum and GPCR signaling regulate AMOTp130 phosphorylation on Ser-175 through Lats1/2 kinases.
Phosphorylation of AMOTp130 on Ser-175 Inhibits Its Interaction with F-actin-AMOTp130 is known to colocalize with F-actin in cells dependent on its N-terminal domain containing Ser-175 (46) . By immunofluorescence staining, we indeed observed colocalization of ectopically expressed AMOTp130 with F-actin filaments (Fig. 3A) . At lower expression level of AMOT, the AMOT-F-actin filaments closely resemble actin stress fibers (Fig. 3A) . However, at higher expression level, the filaments are thicker possibly represent AMOT-F-actin filament bundles (Fig. 3A, middle panel) . In support of a real stress fiber identity of AMOT-F-actin filaments, they are resistant to digitonin treatment before fixation and are anchored to focal adhesions (Fig. 3, B and C) . Interestingly, expression of Lats2 disrupted the filamentous AMOTp130 and results in diffused and irregular dots-like localization of AMOT (Fig. 3, A  and F) . Thus phosphorylation of AMOTp130 on Ser-175 by Lats2 may disrupt AMOT-F-actin interaction. Consistently, the S175A mutant colocalizes with F-actin in a manner insensitive to Lats2 (Fig. 3, D and F) . More strikingly, irrespective to Lats2 expression, the phospho-mimetic S175D mutant exhibited dots-like cytoplasmic localization (Fig. 3, E  and F) . Importantly, using two independent antibodies, we demonstrated that endogenous AMOT colocalizes with F-actin in 293T cells (Fig. 4, A, B, D) . The filamentous local- Experiments were similar to that in Fig. 1D except that regular ATP was used. E, serum inhibits phosphorylation of endogenous AMOTp130 on Ser-175. Serum-starved 293T cells were stimulated with 10% FBS for the indicated time before harvest. F, LPA inhibits phosphorylation of endogenous AMOTp130 on Ser-175. Serum-starved 293T cells were stimulated with serum or LPA for 1 h before harvest. G, GPCR signaling inhibits Ser-175 phosphorylation of endogenous AMOTp130. 293T cells were transfected with indicated plasmids and serum-starved overnight before harvest. H, knockdown of Lats1 and Lats2 represses endogenous AMOTp130 phosphorylation on Ser-175. HEK293T cells were transfected with scramble or Lats1-and Lats2-specific siRNAs. Cells were serum-starved overnight before harvest. I, disruption of F-actin induces phosphorylation of AMOTp130. HEK293T cells cultured in serum-rich medium were treated with 1 g/ml Latrunculin B (LatB) for 1 h as indicated before being harvested for Western blot analysis.
FIGURE 4. Phosphorylation inhibits endogenous AMOTp130-F-actin interaction and direct AMOTp130-F-actin interaction in vitro.
A, endogenous AMOT colocalizes with F-actin. Scramble or AMOT-specific siRNA transfected HEK293T cells were stained with anti-AMOT antibody #1 for localization of endogenous AMOTp130, AlexaFluor488-Phalloidin for F-actin, and DAPI for cell nuclei. B, endogenous AMOT colocalizes with F-actin. Experiments were similar to these in A except that endogenous AMOT was stained with anti-AMOT antibody #2. C, Lats2 inhibits AMOT colocalization with F-actin in a kinase-dependent manner. HA-Lats2 wild-type or KR transfected HEK293T cells were stained with anti-AMOT antibody #1 for localization of endogenous AMOTp130 and anti-HA for Lats2 expression. D, quantification of filamentous localization of endogenous AMOT. Cells with or without filamentous AMOT in A and C were quantified. 120 cells were quantified for each sample. E, phospho-mimetic mutation inhibits AMOTp130 association with F-actin in vitro. Recombinant GST-AMOT wild-type or N-terminal fragment (N) were subjected to in vitro actin spin-down assay. (S), supernatant; (P), pellet. Actin was examined by Coomassie Blue staining and GST-AMOT was determined by Western blots. Asterisks denote nonspecific proteins. F, AMOTp130 does not co-immunoprecipitate with G-actin. HEK293 cells were transfected as indicated. Transfection amount was adjusted to make soluble AMOT levels comparable. Lysates were immunoprecipitated with anti-Flag antibody. The presence of endogenous actin and FlagAMOTp130 in immunoprecipitates and lysates were examined by Western blots. G, phosphorylation of wild-type AMOTp130 by Lats2 does not affect interaction between AMOTp130 and YAP. HEK293 cells were transfected as indicated. AMOTp130 was immunoprecipitated with anti-HA antibody. Co-immunoprecipitation of YAP wild-type or 5SA mutant was examined by anti-Flag Western blots. AMOTp130 phosphorylation was shown by electrophoretic mobility shift on Phos-tag containing gel.
ization of endogenous AMOT is also disrupted by Lats2 in a kinase-dependent manner (Fig. 4, C and D) . These data demonstrate that phosphorylation of AMOTp130 by Lats2 on Ser-175 inhibits AMOTp130-F-actin interaction in vivo.
To test the possibility of a direct interaction between AMOTp130 and F-actin we performed in vitro F-actin spindown assay. In this assay, F-actin binding proteins would cosediment with pre-polymerized F-actin. We found that addition of F-actin brought all recombinant AMOTp130 or the N-terminal fragment into the pellet fraction indicating direct binding of AMOTp130 to F-actin (Fig. 4E) . However, the phospho-mimetic S175D mutant largely remains in the supernatant (Fig. 4E) . These results suggest that phosphorylation of AMOTp130 on Ser-175 would be inhibitory on the direct interaction of AMOTp130 with F-actin in vitro. In contrast, we did not observe any interaction of AMOTp130 with monomeric G-actin by co-immunoprecipitation (Fig. 4F) , suggesting that AMOTp130 specifically interacts with F-actin. These results indicate that AMOTp130 directly interacts with F-actin under negative regulation by phosphorylation of Ser-175.
Phosphorylation of AMOTp130 on Ser-175 Interferes with Stress Fiber and Focal Adhesion Formation and Inhibits Endothelial Cell
Migration-AMOTp130 is known to directly bind and inhibit YAP (34, 43, 44) . However, although AMOT-SA mutant show some decreased interaction with YAP, the interaction between YAP and wild-type AMOT is not significantly affected by AMOT phosphorylation (Fig. 4G) . AMOT is also known for its roles in endothelial cell morphology and migration (47). Therefore we examined the function of AMOTp130 phosphorylation by Lats1/2 in endothelial cells. In agreement FIGURE 5 . Phosphorylation of AMOTp130 on Ser-175 inhibits endothelial cell migration. A, knockdown efficiency of AMOT siRNAs. AMOT, CTGF, and Cyr61 levels in siRNA transfected HUVEC cells were determined by realtime RT-PCR. B, phospho-mimetic mutant of AMOT is unable to compensate endogenous AMOT in actin stress fiber and focal adhesion formation. Control or AMOT-expressing stable cells transfected with siRNAs were serum-starved overnight and then seeded on fibronectin-coated coverslips for 2 h in serum-containing medium. Focal adhesions and F-actin were stained with anti-vinculin and AlexaFluor488-Phalloidin, respectively. C, phospho-mimetic AMOT mutant could not rescue cell migration defects caused by loss of AMOT. Cells the same as these in B were examined in transwell migration assay. D, size of 60 FAs from the staining of each stable cell as these in B was quantified by ImageJ and drawn into scatter plot. The median number was indicated. E, number of migrated cells in C was quantified. Experiments performed were in duplicates.
with our previous observations, knockdown of AMOT induces expression of YAP target genes CTGF and Cyr61 (Fig. 5A) . Interestingly, consistent with a direct association of AMOT with F-actin, knockdown of AMOT leads to reduced stress fibers in cells, which also correlates with reduced focal adhesions (Fig. 5, B and D) . The defects are partially rescued by re-expression of AMOTp80 and better rescued by re-expression of AMOTp130 (Fig. 5, B and D) . Interestingly, co-expression of AMOTp130 wild-type or SA mutant but not the SD mutant together with AMOTp80 rescues stress fiber and focal adhesion formation to a level similar to control cells (Fig. 5, B  and D) . Thus phosphorylation of AMOTp130 plays an inhibitory role on stress fiber and focal adhesion formation.
Remodeling of actin cytoskeleton and cell adhesion is crucial to cell migration. Consistent with alterations of the cytoskeleton and focal adhesions, knockdown of AMOT largely inhibits endothelial cell migration (Fig. 5, C and E) . Again, we observed that co-expression of AMOTp130 wild-type or SA mutant but not the SD mutant together with AMOTp80 rescues the cell migration defects (Fig. 5, C and E) . This suggests that phosphorylation of AMOT on Ser-175 inhibits cell migration. We then further investigated the role of AMOT in cell migration downstream of the Hippo signaling. Serum starvation is well known to strongly inhibit cell migration in vitro. However, we found that cell migration in starvation condition is partially but significantly rescued by knockdown of Lats1 and Lats2 (Fig. 6, A  and C) . This result suggests that activation of Lats1/2 by serum starvation due to blunted GPCR signaling is an important reason for repression of cell migration. More importantly, simultaneous knockdown of AMOT blocks cell migration induced by loss of Lats1/2 expression (Fig. 6, A and C) . Thus inhibition of the Hippo pathway leads to cell migration in an AMOT-dependent manner. In correlation with cell migration, knockdown of Lats1/2 also induces actin stress fiber and focal adhesion formation in serum-starved cells in an AMOT-dependent manner (Fig. 6, B and D) . Our data suggest that AMOTp130 is important for endothelial cell migration under negative regulation by Lats1/2-induced phosphorylation.
Phosphorylation of AMOTp130 on Ser-175 Inhibits Angiogenesis in Zebrafish-AMOT is known to control endothelial cell migration and angiogenesis in zebrafish (37) . Thus we further investigated the effects of AMOTp130 phosphorylation on angiogenesis in zebrafish Tg(flk:GFP) transgenic embryos, in which GFP expression is driven by endothelial specific promoter flk. Consistent with the previous study (37) , amot knockdown via injection of AMOT antisense morpholino-oligonu-FIGURE 6. Knockdown of Lats1/2 induces cell migration, actin stress fiber and focal adhesion in an AMOT-dependent manner. A, Lats1/2 plays a role in serum deprivation-induced migration retardation by repressing AMOT. siRNA-transfected HUVEC cells were serum starved and then seeded in transwell inserts in serum-free medium. The lower chambers were filled with serum-containing or serum-free medium as indicated. Cells on bottom sides of the transwells were stained after 12 h. B, Lats1/2 plays a role in serum deprivation-induced stress fiber and focal adhesion deformation by repressing AMOT. Cells were the same as these in A. Cells were serum starved overnight and then seeded on fibronectin-coated coverslips for 2 h either in serum-containing medium or serum-free medium as indicated. Focal adhesions and F-actin were stained with anti-vinculin and AlexaFluor488-Phalloidin respectively. C, number of migrated cells in A was quantified. Experiments were in duplicates. D, size of 25 FAs from the staining of each stable cell as these in B was quantified by ImageJ and drawn into scatter plot. The median number was indicated.
cleotide (AMOT-MO) caused angiogenesis defects in AMOT morphants, in which intersegmental vessels (ISV) were disrupted and failed to reach the dorsolateral region at 30 h postfertilization (hpf) (Fig. 7-2) . At 36 hpf, some ISV had still not arrived the most dorsolateral position so that the dorsal longitudinal anastomotic vessel (DLAV) formation was disrupted ( Fig. 7-2) . Nevertheless, the angiogenesis defects are rescued by co-injection of mRNAs encoding human AMOTp130 (Fig.  7-3) or the phospho-deficient SA mutant (Fig. 7-4) but not the phospho-mimetic SD mutant (Fig. 7-5) . Furthermore, the angiogenic activity of AMOTp130 is inhibited by co-injection of mRNAs encoding Lats2 (Fig. 7-6 ) but not Lats2-KR (Fig.  7-7 ). In addition, the angiogenic activity of AMOTp130-SA is insensitive to Lats2 (Fig. 7-8 ). The overall development and morphologies of injected embryos were comparable to control embryos at bud stage and 30 hpf (data not shown). These results indicate that Lats2 could inhibit the angiogenic function of AMOTp130 in vivo through phosphorylation of Ser-175.
DISCUSSION
Biological functions of kinases are largely determined by substrate selectivity. However, known substrates of the Lats1/2 kinases are very limited. Besides YAP/TAZ, several other proteins have been suggested as Lats1/2 substrates including Dyrk1a, MYPT1, and Snail1 (48 -50) . In this study, we identified AMOT family proteins to be new substrates of Lats1/2 with canonical target consensus motifs being phosphorylated by Lats1/2 to comparable levels as YAP/TAZ. Importantly, this phosphorylation is responsive to GPCR signaling and plays a regulatory role on AMOT interaction with F-actin thus regulates cell migration. While this report was being prepared, an independent study reported the phosphorylation of AMOT by Lats1/2 in promoting AMOT-Lats1/2 interaction, and its role in cell fate specification in preimplantation mouse embryos (51). Together, these studies suggest AMOT as an important effector of the Hippo pathway. We anticipate more substrates of Lats1/2 to be discovered to explain the ever expanding functions of the Hippo pathway.
AMOTp130 also plays a regulatory role in the Hippo pathway through both physical binding with YAP/TAZ and promotion of Lats1/2 activity (34, (42) (43) (44) . In addition, AMOT also interacts with Merlin, an upstream component of the Hippo pathway (40) . We demonstrated that the association between wild-type AMOTp130 and YAP is not regulated by AMOTp130 phosphorylation. However, it was shown that the phospho-mimetic AMOTp130 has elevated interaction with Lats1/2 (51). Therefore there is possibly a feedback loop consisting of the two roles of AMOTp130 as both a regulator and an effector of the Hippo pathway, although the physiological context and the exact mechanism would need further investigation. What we have found in this study also indicate that the phosphorylated and dephosphorylated AMOTp130 are both functional with differential roles. While the phosphorylated AMOT may promote Hippo signaling, the dephosphorylated AMOTp130 function as an F-actin interacting protein to promote stress fiber formation and cell migration.
YAP/TAZ are downstream effectors of the Hippo pathway and function through regulation of gene transcription (52) . YAP/TAZ also promotes cell migration likely through regulation of gene expression and initiation of an EMT program (53) . However, our study identified AMOTp130 as a novel mediator of the Hippo pathway in inhibiting cell migration. Phosphorylation of AMOTp130 by Lats1/2 directly inhibits F-actin binding and correlates with reduced actin stress fiber and focal adhesion formation. Considering the direct role of F-actin and focal adhesion in cell migration, the role of AMOTp130 in cell migration is likely structural. Migration promoting functions of AMOT and YAP/TAZ could be reconciled in at least two ways. First, the expression pattern of AMOT and YAP/TAZ may dictate their functions in different tissues and cell types. Second, in cells expressing both of these proteins, AMOTp130 and YAP/ TAZ may mediate acute and prolonged effects of the Hippo pathway on cell migration in a cooperative manner (Fig. 8) . Whether YAP/TAZ plays a role in endothelial cell migration is unknown. However, we demonstrated in this report that Lats1/2 play a role in endothelial cell migration in a manner dependent on AMOT phosphorylation. More importantly we demonstrated in vivo for the first time that the Hippo pathway may regulate developmental angiogenesis through AMOT phosphorylation. It would be interesting to investigate whether AMOT phosphorylation by the Hippo pathway also functions in pathological angiogenesis such as that in cancer.
